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Pentacyclic triterpenesα-tocopherol (Toc), the most active component of vitamin E can exert antagonistic effects disabling the therapy
of cancers and bacterial infections. Such antagonisms were observed also between Toc and bioactive pentacyclic
triterpenes (PT) exhibiting anticancer and antibacterial properties. Both Toc and PT are water-insoluble mem-
brane active substances. Thus, our ideawas to emulate their interactionswithmodel Escherichia colimembranes.
E. coli inner membranes were selected for the experiments because their lipid composition is quite simple and
well characterized and the two main components are phosphatidylethanolamine and phosphatidylglycerol. As
a model of E. colimembranes we applied Langmuir monolayers formed by the E. coli total extract of polar lipids
(Etotal) as well as by the main lipid components: phosphatidylethanolamine (POPE) and phosphatidylglycerol
(ECPG). The antagonistic effects of ursolic acid (Urs) and Tocwere investigatedwith the applicationof ternary Lang-
muirmonolayers formed by Urs, Toc and one of the phospholipids POPE or ECPG. Our studies indicated that the af-
ﬁnities of Urs and Toc towards the POPE molecule are comparable; whereas there are profound differences in the
interactions of Urs and Toc with ECPG. Thus, the model experiments prove that in the case of E. colimembrane,
the differences in the interactions between Urs and Toc with the anionic bacterial phosphatidylglycerol can be
the key factor responsible for the antagonistic effects observed between PT and Toc in vivo.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Ursolic acid (Urs) is a representative of ursane-type pentacyclic
triterpenes (PT), a subfamily of the vast group of pentacyclic bioactive
plant secondary metabolites [1]. The biodiversity of PT synthesized
by plants, fungi and algae is enormous [2]; however, only some of the
compounds have been proved in laboratory and clinical tests to be phar-
maceutically active [3]. Ursolic acid exhibits wide spectrum of antican-
cer [3–5] as well as antimicrobial activities [6–9]. The anticancer and
chemopreventive properties of Urs are often linked to the triggering of
apoptosis via the so calledmitochondrial tract [10–12]. The mechanism
of the antimicrobial activity of Urs is less elucidated; however, it is as-
sumed that there are common steps in the interactions of this com-
pound with cancer cells and bacteria. The triggering of the apoptosis
process, on one hand, is beneﬁcial as far as the elimination of cancer
cells is concerned, on the other hand, the apoptosis or necrosis of the
somatic body cells can be the starting point of different diseases [13,
14]. Reactive oxygen species (ROS) can be indicated as one of the main
cause of degenerative diseases initiated by the uncontrolled apoptosis
[13,14]. The living organisms combat the uncontrolled apoptosis by the
application of different antioxidants, such as ubiquinone, glutathione,towski).vitamins C or E [15,16]. The application of antioxidant vitamins can be
beneﬁcial in the therapies of different degenerative diseases; however,
it can be deleterious in the treatment of cancer or bacterial infections.
An example can be the work by Gopal and co-authors [17], in which it
was indicated thatα-tocopherol (Toc) eliminates the proapoptotic effect
of the active pentacyclic triterpene, betulinic acid. It was also reported
that the therapeutic effects of the application of some antibiotics can be
lost in the case of simultaneous application ofα-tocopherol [18]. Themo-
lecularmechanismof PT pharmacological activity is not entirely elucidat-
ed; however, one of its most important stages is the incorporation of PT
into the mitochondrial or bacterial membrane [6,19,20]. On the other
hand Toc also exhibits its antioxidative and regulatory functions in the
membrane environment [21–23]. Thus, the antagonistic effects occurring
between α-tocopherol and PT can be connected with their interactions
with membrane phospholipids. In our previous papers we reported the
results of the comparative studies regarding the behavior of different bi-
ologically active PT in artiﬁcial mitochondrial and bacterial membranes
[24,25]. As membrane models we applied Langmuir monolayers being
quaternary or ternary mixtures of mitochondrial or E. coli membrane
phospholipids, respectively. It turned out that Urs and its reduced form
α-amyrin had the highest ability to destruct the model E. coli inner
membrane.
In the present contribution we report the results regarding the
interactions of Urs and Toc with model E. coli membrane and its
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a Langmuir monolayer formed by the E. coli polar lipids total extract.
At the ﬁrst step we wanted to compare the interactions of Urs vs
Toc in the mixed monolayers with E. total. The composition of E.
coli inner membrane lipids is quite simple: it contains 75% of phos-
phatidylethanolamine (PE), 20–25% of phosphatidylglycerol (PG)
and 0–5% of cardiolipin [26,27]. The proportion of the saturated to
unsaturated chains in E. coli PE is roughly 1/1 and the dominating
fatty acid chains are palmitic and oleic [27], so 1-palmitoyl, 2-
oleoyl-sn-3-phosphatidylethanolamine (POPE) was selected by us to
our research, whereas E. coli PG (ECPG) applied by us was a natural
phospholipid extracted from E. coli. After the characterization of the sys-
tems with Etotal we studied the interactions of Urs and Toc with POPE
and ECPG in binary systems. At the ﬁnal step we studied ternary Lang-
muir monolayers formed by equimolar amounts of Urs and Toc with
POPE or ECPG to search the possible antagonistic effects in the simpli-
ﬁed model systems. In our studies we applied the Langmuir technique
based on the recording of surface pressure (π) –mean molecular area
(A) isotherms supplemented by Brewster angle microscopy (BAM).
We analyzed the changes in monolayer condensation interpreting the
compression modulus (CS−1) – surface pressure (π) curves and
discussed the thermodynamic effects of the intermolecular interactions
in the model systems performing the analysis of the excess free energy
of mixing ΔGexc – composition dependences. The Langmuir monolayer
technique was previously applied for the studies of Toc-phospholipid
interactions; however, the systems intended to mimic animal [28,29]
or plant membranes [30]. The interactions of Toc with bacterial mem-
brane phospholipids has not been modeled by now. Thus, the main ob-
jectives of our research were the studies of the interactions of Toc with
mixed and separated E. coli lipids in Langmuir monolayers, the compar-
ison of the interactions between Toc and Urs with the bacterial lipids,
and the application of model systems for the elucidation of the antago-
nistic effects observed betweenUrs and Toc in pharmacological applica-
tions. The understanding of the antagonistic effects of Toc and some
drugs is of high importance as such phenomena diminish the efﬁcacy
of antibacterial and anticancer therapies. Our studies revealed signiﬁ-
cant differences between Urs and Toc in the investigated systems and
it is probable that the observed antagonistic effects are membrane-
related.
2. Experimental
2.1. Materials
All the applied phospholipids: E. coli polar lipids total extract
(Etotal), E. coli natural phosphatidylglycerol (ECPG) sodium salt
and 1-palmitoyl-2-oleoyl-sn-glycerophosphatidylethanolamine (POPE)
were purchased from Avanti Polar Lipids. Ursolic acid (Urs, 99%) and α-
tocopherol (DL-all-rac-α-tocopherol, Toc, N99%, analytical standard)
were purchased from Sigma Aldrich. HPLC-grade chloroform (ethanol
stabilized) and HPLC-grade methanol were bought also from Sigma
Aldrich. Ultra-pure water (resistivity ≥18.2 MΩ∙cm) was produced
in our laboratory with the application of the Synergy Millipore water
puriﬁcation system. Structural formulas of POPE, ECPG, Urs and Toc are
presented in Supporting materials.
2.2. Preparation of surfactant solutions
The investigated phospholipids, ursolic acid and tocopherol were
dissolved in chloroform/methanol 9/1 v/vmixture and kept refrigerated
in −20 °C. The concentrations of the substances ranged from 0.2 to
0.3 mg/ml, which for the phospholipids gave molar concentrations of
ca. 3 to 4°10−4 M, for Urs and Toc 4 to 6°10−4 M. To prepare the work
solutions appropriate volumes of the stock solutions were mixed in
dark-glass vials just before the experiments. For the mixtures of Urs
and Toc with Etotal, POPE and ECPG we investigated the followingmole ratios of Urs (or Toc): 0.20, 0.34, 0.50, 0.66 and 0.8. For the ternary
systems containing both Urs, Toc and one of the phospholipids (POPE
or ECPG) the above mole proportions of Urs + Toc/phospholipid were
preserved. For all the ternary mixtures the number of Urs and Toc mol-
ecules at the air/water was equal, e.g. in the system Urs/Toc/POPE at
X(POPE) = 0.50 X(Urs) was 0.25 and X(Toc) was also 0.25.
It should be underlined that in biomembranes the tocopherol/
phospholipids ratio is small and do not exceed 0.1. In our paper the in-
vestigated Toc and Urs proportions are signiﬁcantly higher ranging up
to 0.8. However, it should be taken into consideration that our studies
are performed on artiﬁcial systems,which are composedof some select-
ed membrane lipids but are far from the real membrane composition
and dynamics (for example no proteins are present in the investigated
systems).We are mainly interested in themutual interactions of select-
ed lipids in artiﬁcial matrices of Langmuir monolayers; therefore for the
understanding of the intermolecular interactions muchwider ranges of
the component proportions were applied.
2.3. Methods
2.3.1. Langmuir technique
In our experiments we applied KSV-NIMA Langmuir trough of the
nominal area of 273 cm2 equipped with two Delrin barriers enabling
symmetrical compression of the monolayers. BAM experiments were
performed on a larger instrument of the area 840 cm2 designated by
KSV for microscopic experiments. Surface pressure (π) was monitored
with the application of Wilhelmy-type tensiometer (NIMA, KSV) with
the accuracy of 0.1 mN/m. The Wilhelmy sensor plate was made of ﬁl-
tration paper (Whatman, ashless). After each experiment the Teﬂon
trough was cleaned with chloroform and ethanol and rinsed with
ultra-pure water. Appropriate amounts of the work solutions were de-
posited at the air/water interface with the application of Hamilton vol-
umetric gas-tight micro-syringe. 10 minutes were left for chloroform
evaporation after which the monolayer compression was started. In
the experiments we applied a rather slow compression rate of 10 mm/
minute/barrier. The experiments for a given components proportion
were replied at least three times. The subphase temperature was kept
constant at 20 °C using the Julabo water circulating bath (accuracy
0.1 °C).
2.4. Calculations
Compression modulus CS−1 was calculated according to its deﬁni-
tion: CS−1 = -Adπ/dA. The excess free energy of mixing ΔGexc [31] was
calculated at given π values (5, 10, 15 and 20 mN/m) according to its
deﬁnition:
ΔGexc ¼
Zπ
0
Aexcdπ;
where the excess molecular area Aexc is deﬁned as follows:
Aexc ¼ A1X1 þ A2X2 þ…þ AnXnð Þ–A1 ::n;
whereA1…n is the mean molecular area observed in an n-component
Langmuir monolayer at a given π value; A1 to An are molecular areas
observed in one-component monolayers of components 1 to n at the
same π; whereas X1 to Xn are mole ratios of components 1 to n in the
n-component Langmuir monolayer. The sum of the surface mole ratios:
X1 + X2 +…+ Xn = 1.
2.5. BAM
Brewster angle microscopy experiments were performed with
ultraBAM instrument (Accurion GmbH, Goettingen, Germany) equipped
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a 10 xmagniﬁcation objective, polarizer, analyzer and a CCD camera. The
spatial resolution of the BAMwas2 μm. The instrumentwas coupledwith
the KSV 2000 Langmuir trough and installed on an antivibration table.3. Results and discussion
3.1. One component monolayers
At the beginning of the results section we would like to summarize
the data regarding one-component monolayers formed by the investi-
gated compounds. With the exception of Etotal the data has already
been published but are scattered in different publications [25,30] and
we think that it is reasonable to collect them together herein. Fig. 1
gathers π-A isotherms, CS−1-π curves and representative BAM images
for the investigated substances.
The π-A isotherm registered by us for pure tocopherol monolayers
has an expanded character so the calculated CS−1 values do not exceed
100 mN/m. The monolayers were completely homogeneous in BAM
images. Toc was investigated previously in Langmuir monolayers and
the most complete data together with thermodynamic parameters of
the spreading can be found in the paper by Capuzzi and co-authors
[32]. The isotherm presented in the cited paper has also an expanded
character and the CS−1 – π values are also lower than 100 mN/m
which according to the Davis and Rideal criterion [33] classiﬁes the
monolayers as liquid-expanded. Capuzzi et al. [32] undertook special
precautions in their studies –the chloroform solutions of Tocwere sealed
under argon, thewater applied as a subphasewas de-oxygenized and the
experimentwas performed in a nitrogen-enriched atmosphere. Thus, the
π-A isotherm registered by Capuzzi et al. can be treated as a reference for
Toc monolayer studies. The parameters of the isotherm are as follows:
lift-off area at 60 Å2/molecule, collapse at 20 mN.m at 48 Å2/molecule.
In comparison the parameters of Toc isotherm registered by us are: lift-
off at 72 mN/m and collapse at 20.4 mN/m at 54.2 Å2/molecule. Patil
and Cornwell [34] investigated the oxidation of α-tocopherol in Lang-
muir monolayers. According to their results in acidic pH Toc is gradually
oxidized to tocopherolquinone; whereas in alkaline conditions a dimeric
spirodienone is the product of Toc oxidation. Tocopherolquinone forms
also expanded Langmuir monolayers but its π-A isotherm is shifted to
higher mean molecular areas (lift-off at ca. 100 mN/m). It should be
underlined that acidic or alkaline subphase pH stimulates Toc oxidation;
whereas in neutral pH this process is rather low. Generally, there are two
attitudes: 1) experiments with special precautions: degassed water as
subphase, nitrogen or argon ﬂow over the Langmuir trough (however,
nobody performed the experiments in a gas-tight container), 2) experi-
ments with no precautions: application of ultrapure water and no inertFig. 1. π-A isotherms, CS−1 – π curves and BAM images for one-compongases ﬂushing the water/air interface. The second attitude dominates in
the newer papers [28–30]. In our opinion the possibility of Toc oxidation
in monolayers should always be taken under consideration; however, if
mixed systems are investigated at neutral pH, the stock solutions are pre-
pared just before the experiments and the compression starts in a short
time after ﬁlm spreading the presence of Toc osidation products can be
neglected.
Urs behaves differently at the water/air interface. As it is visible in
the course of the CS−1-π curve, upon the ﬁlm compression CS−1 achieves
the values exceeding 100mN/m,which is characteristic of the LC (liquid
condensed) state of Langmuirmonolayers. However, the phase diagram
of the PT acids in monolayers is more complicated. These compounds
are bolaamphiphiles, that is, surfactants having two polar headgroups
at both termini of their hydrophobic moiety. As it was discussed in sci-
entiﬁc literature [35,36] a PT acidmolecule can achieve two competitive
orientations at the interface: upright with the –OH group in contact
with water and tilted with the –COOH group immersed in water. It
was reported [36] that the uprightmolecules group and form hexagonal
crystalline domains, the state of which is solid (S); whereas the tilted
molecules form LE regionswithin the ﬁlm. As a result of the coexistence
of the crystalline and amorphous phase the microscopic texture of the
ﬁlms is heterogeneous. Large crystalline domains are surrounded by
dark areas identiﬁed as the LE phase (see BAM image in Fig. 1). Regard-
ing the investigated phospholipids, their monolayers are highly com-
pressible and at room temperature are in the LE state. For Etotal at
surface pressures greater than 20 mN/m CS−1 exceeds 100 mN/m,
which is a threshold of the LC state [33]; however, no condense domains
were observed in BAM images and the ﬁlm remained homogeneous,
even behind the collapse. Only for POPE a LE/LC phase transition was
observed both in the π-A isotherm course and in BAM images (Fig. 1).
At ca. 37 mN/m characteristic ﬂower-like domains nucleated in the
homogeneousﬁlm. For ECPG themonolayerswere completely homoge-
neous upon their compression and even behind the collapse no textures
were visible. All the investigated monolayers were stable and the regis-
tered π-A isotherms were highly reproducible.4. Interaction of Toc and Urs with E. coli polar lipids total extract
At the ﬁrst step of our studies we focused attention on the interac-
tions of Toc and Urs with Etotal. The isotherms are presented in the
Supplementary materials (SFig. 1.), here in Fig. 2. we present the data
extracted from the isotherms, that is CS−1-π curves and collapse pressure
(πcoll) – X dependences.
Both the CS−1-π and πcoll – X curves indicate that the systems with
Etotal differ signiﬁcantly. In the systemToc/Etotal the collapse pressures
fall down systematically with growing X(Toc). The strong dependenceent Langmuir monolayers formed by the investigated substances.
Fig. 2. CS−1-π curves and πcoll-X dependencies in the systems with Etotal.
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ity of the components within the ﬁlm. No condensation effect was ob-
served after mixing both components. The maximal values of CS−1 in
this system can roughly be considered weighted averages of the
CS−1max values observed for Toc and Etotal. On the contrary, in the sys-
tem Urs/Etotal strong condensation effect can be observed. The com-
pression modulus values for the mixtures are higher than for the pure
components. The condensation effect is pronounced especially at higher
Urs proportions, as for X(Urs) = 0.8 CS−1 max achieves the value of 450
mN/m. Such high values of the compression modulus indicate that the
molecules in the monolayers achieved the tight packing characteristic
for the solid (S) state of the surface ﬁlm. For this system also the collapse
pressures are composition dependent – a slow increase of πcoll with
growing X(Urs) can be observed. To have the thermodynamic informa-
tion about the properties of the binary systemswe calculated the 2D ex-
cess free energies ofmixingΔGexc. TheΔGexc-X plots at different surface
pressures are shown in Supportingmaterials (SFig. 2), here in a column
plot (Fig. 3) we compare theΔGexc values for both systems at 20mN/m.
In the system Toc/Etotal the ΔGexc values for all the investigated
compositions are close to 0. This together with the strong πcoll-
composition dependence corroborates the ideal miscibility of the com-
ponents in these mixtures. In the system Urs/Etotal strong negative de-
viations from ideality can be observed. This means that the substances
are miscible and that the interactions between Urs and the components
of Etotal are more energetically beneﬁcial than the interactions in the
pure Urs monolayer.Fig. 3. The comparison of the ΔGexc values at 20 mN/m for the systems with Etotal. The
labels on the plot mean the mole ratio of Toc or Urs.5. Interactions of Toc and Urs with main membrane phospholipids
of E. coli
In the previous sections the character of the interactions of Toc and
Urs with the total extract of E. coli polar phospholipids have been re-
vealed. To go further it was reasonable to perform similar investigations
in binary systems composed of a selected membrane phospholipid and
Urs or Toc. E. coli is the most thoroughly investigated organism of
all bacteria, so the composition of its membrane was also discussed in
multiple publications. It is composed mainly of phosphatidylethanol-
amine (75%), phosphatidylglycerol (20–25%), and the third component
(1–5%) is cardiolipin [26,27,37]. Multiple studies reported that the pro-
portion of saturated to unsaturated chains in E. coli PE is roughly 1/1 and
that the dominating saturated fatty acid is palmitic and themain unsat-
urated oleic [27]; therefore, POPE can be treated as the bestmodel E. coli
PE. On the other hand, E. coli anionic lipids usually contain non-typical
carboxylic chains in their hydrophobic moiety. Often the cyclopropane
ring is incorporated into the chain instead of the cis-double bond typical
to eukaryotic organisms [38,39]. Therefore, for our studies we applied
synthetic PE, but natural PG (ECPG) isolated from E. coli. ECPG is an
example of bacterial phospholipids containing the cyclopropane ring
in one of its chains (For formulas see Supporting materials, Scheme 1).
For the four systems – mixtures of Toc or Urs with POPE or ECPG
we alsomeasured π-A isotherms, performed the thermodynamic calcu-
lations and visualized the monolayers by BAM microscopy during
their compression. Theπ-A and CS−1-π plots are presented in Supporting
materials (SFigs. 3 and 4). In Fig. 4. we compare the maximal CS−1
values at a given X in the investigated systems and show the πcoll – X
dependences.
The interpretation of Fig. 4 leads to the conclusion that there are
important differences in the interactions of Urs and Toc with particular
E. colimembrane lipids. Starting from CS−1max, for the systemswith Toc
a disorganizing effect of Toc incorporation can be observed. In both sys-
tems Toc/POPE and Toc/ECPG CS−1max falls with X(Toc) and for most of
the compositions remains below the threshold of 100 mN/m indicating
the LE state of the binary monolayers. In the systems with Urs strong
condensation effect can be observed. It is the most pronounced at
X(Urs)= 0.66 or 0.80, as for thesemole ratios CS−1 max achieves higher
values than 250 mN/m proving close packing of the molecules and the
solid (S) state of the Langmuir monolayers. The above mentioned effect
has been previously observed by us in other Urs/phospholipid systems
[25,40]. Regarding the πcoll-X plots signiﬁcant differences between the
systems with Toc and Urs can be described. In the system Toc/ECPG
the πcoll-X plot is roughly linear, which can be interpreted as a proof of
Fig. 4. CS−1max-X (column plot) and πcoll – X plots (insets) for the systems with POPE
and ECPG.
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Toc/POPE a sudden decrease of πcoll occurs at X(Toc) = 0.50, while for
higher X(Toc) the collapse pressure is even lower than for pure Toc
monolayer. The monolayers of both systems were visualized by BAM
upon their compression. In the system Toc/ECPG the ﬁlms were homo-
geneous regardless their composition. The BAM images of the mono-
layers in the system Toc/POPE strongly depended on the components
proportions: for X(Urs) = 0.20 and X(Urs) = 0.34 the ﬁlms were
completely homogeneous and even behind the collapse it was difﬁcult
to observe 3D aggregates. On the contrary, for X(Toc)=0.50 and higher
a sudden separation of small (resolution limit) 3D nuclei was observed
at ca. 16–18 mN/m. An example of such image is shown in Fig. 4. It is
probable that the separated phase is enriched in Toc, as the collapse
pressure value is close to πcoll observed for pure Toc monolayers.
In the systems with Urs the collapse pressure remains on a constant
level regardless the composition. The collapse pressure is comparable
with πcoll of the pure phospholipid and much higher than πcoll of Urs
ﬁlm. The monolayers of both Urs-containing systems were also visual-
ized by BAM and it turned out that theywere completely homogeneous
for all components proportions. This fact together with the above de-
scribed condensation effect proves the miscibility of Urs with POPE
and ECPG.
For all the systems the excess free energies of mixing were also cal-
culated. TheΔGexc-X curves are shown in Supportingmaterials (SFig. 5),
in Fig. 5 in the form of a column plot we present a comparison of ΔGexc
in the systems with POPE and ECPG.
In the systemswith POPE important differences can be observed be-
tween Toc and Urs. In both systemsΔGexc have negative sign; however,
in the system Toc/POPE the absolute values of ΔGexc are small and close
to 0, whereas in the system Urs/POPE the absolute values are large (forFig. 5. The comparison of ΔGexc at 20 mN/m for the systems with POPE (left panel) and ECsome X(Urs) even 10 times greater than in the system with Toc). It
means that the Urs-POPE interactions are energetically more beneﬁcial
than in the pair Toc-POPE. Regarding the systemswith ECPG, the results
are interesting and the differences between Toc and Urs are here even
more drastic. In the systemUrs/ECPG theΔGexc absolute values are rath-
er low, and oscillate around 0, being positive for X(Urs)= 0.20 and 0.33
and negative for higher Urs proportions. On the contrary, in the system
Toc/ECPG the values of ΔGexc are high and positive which means that
the mutual interactions between Toc and ECPG molecules are unfavor-
able in the light of the ΔGexc criterion.
5.1. Investigation of the antagonism between Toc and Urs
In the experiments described in the previous sections we provided
evidence that Toc and Urs differ signiﬁcantly in their interactions
with E. coli polar lipids total extract as well as with the main membrane
phospholipids POPE and ECPG. However, in nature E. coli can be simul-
taneously exposed to both the substances. In such a situation antagonis-
tic effects can occur, which was described in scientiﬁc literature [17].
Thus, our ideawas to simulate such a situation inmodel systems. There-
fore, in the further experiments we studied ternary Langmuir mono-
layers containing Toc, Urs and POPE or ECPG. We remained the
previously used mole ratios of Urs or Toc, i.e. 0.20, 0.33, 0.50, 0.66 and
0.80. That time; however, these proportions were a sum of both Toc
and Urs, so for example, the case described in the ﬁgure below X =
0.50 regards such a monolayer in which X(Toc) = X(Urs) = 0.25, and
the sum X(Toc) + X(Urs) = 0.50. The π-A isotherms recorded for the
ternary ﬁlms are shown in the Supporting materials (SFig. 6), whereas
the CS−1 –π and πcoll – X dependencies are shown in Fig. 6 and discussed
in the article.
Regarding the CS−1 – π curves the most striking difference between
the ternary and the above described binary systems is the lack of con-
densation effect observed previously in the systemswith Urs. In the sys-
tem Toc/Urs/POPE (Fig. 6 left panel) the maximal values of CS−1 remain
on a stable level of ca. 150 mN/m. At the systems with lower Toc + Urs
proportion (X = 0.20 and 0.33) the LE-LC phase transition, manifested
as a sharp minimum in the POPE CS−1-π curve, disappears. For higher
X a local minimum is observed in the course of the CS−1 – π curve at
ca. 20–25 mN/m. All the monolayers were visualized by BAM upon
their compression. At X = 0.20 and 0.30 the ﬁlms were homogeneous
even behind the collapse achieved on a relatively high π value of ca.
45 mN/m. For higher X multiple small bright 3D nuclei appeared sud-
denly at ca. 20 mN/m. The BAM images were similar to the photo pre-
sented in Fig. 4, so it can be assumed that at these conditions also a
Toc-enriched phase separates from POPE-rich phase. In the system
Toc/Urs/ECPG the maximal CS−1 values oscillated around 100 mN/m,
only for X=0.80 the value of 140mN/mwas observed. The BAM images
of the monolayers within the system were homogeneous, regardless thePG (right panel). The X values are mole ratios of Toc or Urs, depending on the system.
Fig. 6. CS−1 – π and πcoll – X dependencies for the investigated ternary systems. X values regard the sum of Toc and Urs mole ratios.
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gates was not observed. As far as the πcoll-X curves are concerned, in
the system Toc/Urs/POPE a roughly linear reduction in πcoll value can be
observed till X = 0.50 after which an abrupt fall of πcoll is observed.
This phenomenon can be correlatedwith the separation of 3D aggregates
observed in BAM images. In the system Toc/Urs/ECPG collapse pressure
decreases uniformly with X, and no sudden falls in the πcall – X curve
can be observed.
Similarly to the previously discussed systems, also for the ternary
mixtures we performed the calculations of ΔGexc. The ΔGexc – X depen-
dences at different surface pressures are gathered in Supporting mate-
rials (SFig. 7). Here we had a different idea – we compared the ΔGexc
values observed at 20 mN/m for the ternary systems at a given X with
the averages of ΔGexc observed for the binary systems with the same
phospholipid – Fig. 7.
For the system Toc/Urs/POPE theΔGexc values have negative sign for
all the proportions of the components. Similarly the average values are
negative, because the ΔGexc values in the systems Toc/POPE and Urs/
POPE were negative. For X = 0.20 and X = 0.80 the ΔGexc values
observed for the ternary system are comparable with the averages, for
the middle mole ratios they are visibly lower. However, interpretingFig. 7. The comparison of ΔGexc values at 20 mN/m calculated for the ternary systems with athese results it is impossible to indicate noticeable antagonistic effects
of Toc andUrs in their interactionwith POPE. The situation is completely
different for the system Toc/Urs/ECPG. All the ΔGexc observed for the
ternary system are negative whereas the averages are positive. More-
over, the ΔGexc values in the ternary system Toc/Urs/ECPG are more
negative than in the system Urs/ECPG, even though in the system Toc/
ECPG ΔGexc are high and positive. Therefore in the interactions of both
the investigated compounds with ECPG strong antagonistic effect
can be observed. The nature of the effect and its signiﬁcance will be
discussed in the following section.
6. Discussion
α-tocopherol is the most important component of vitamin E,
the main role of which is the protection of unsaturated lipids against
ROS-induced peroxidation. Toc exerts its function in the membrane
environment. The plant cells synthesize Toc and incorporate it into the
cellular and organelle membranes, whereas in animal organisms Toc
is absorbed from food and distributed into the cells [22,41]. Thus, the
problemof Toc incorporation into the animalmembraneswas discussed
inmultiple papers. Themost important issuewas the distribution of Tocverages of the ΔGexc values observed for binary systems with the same phospholipids.
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speciﬁc lipid domains [22,41,42]. Some authors reported that Toc inter-
acts speciﬁcally with phospholipids possessing unsaturated and poly-
unsaturated fatty acid chains in their hydrophobic moieties, which is
logical as Toc should protect them against peroxidation [22,41,42]. On
the other hand, cholesterol is well known to form so-called lipid rafts
with saturated phospholipids,mainly sphingolipids [43,44]. Urs is struc-
turally similar to cholesterol; thus, it is probable that Ursmore preferen-
tially interacts in biomembrane with different lipids than Toc and that
both compounds segregate to different phospholipids domains. The fol-
lowing lipid binary systems: cholesterol/POPE, Urs/POPE and Toc/POPE
have been investigated with the application of different approaches of
surface chemistry. It turned out that cholesterol is miscible with POPE
in Langmuir monolayers [45] and in vesicles [46]. The hydrophobic
chain of PE must be much more unsaturated to force cholesterol to
phase separate [47]. On the other hand the interactions of cholesterol
with POPE are less strong than with phosphatidylcholine (POPC) or
sphingomyelin (SM) as it was much easier to desorb cholesterol by
the application of β-cyclodextrin from the Chol/POPE 1/1 monolayer
than from similar mixtures with POPC or SM [50]. Toc was also investi-
gated in the mixtures with POPE [48,49]. Small angle synchrotron dif-
fraction studies evidenced that in solutions Toc induces in POPE
rippled lamellar phases [48]. The experiments were also performed on
POPE bilayers mimicking E. coli membranes proving that considerable
amounts of Toc can be incorporated into such model system [49]
Thus, on the basis of scientiﬁc literature it is difﬁcult to conclude
which of the compounds Toc or Urs (or cholesterol) has higher afﬁnity
to POPE. This assessment would be of help as POPE is the main compo-
nent of Etotal. There were two main observations regarding the Urs/
Etotal and Toc/Etotal mixtures. Urs can condensate Etotal ﬁlms and
Toc has not such ability, but this result was rather predictable and can
be explained by the structure of the hydrophobic parts of both mole-
cules. Urs with its ﬁve stiff fused cycloalkane rings and no long acyl
chains at peripheries can behave similarly to cholesterol in lipid mono-
layers and increase the packing of phospholipid molecules. This phe-
nomenon was described by us in previous publications [40]. The
second important difference in the systems with Etotal regards the
ΔGexc values. In both systems they are negative but the absolute values
are much higher in the system Urs/Etotal indicating that the interac-
tions of Urs with E. colimembrane lipids are energetically more favor-
able than their interactions with Toc. To gain a better understanding
of the observations collected for the systems with Etotal we moved to
binary systems composed by the main E. colimembrane phospholipids
POPE or ECPG and Toc or Urs. The results for the systems with POPE
were qualitatively similar to these observed for the systemswith Etotal.
Namely, we observed strong condensation effects in the system Urs/
POPE, especially at higher X(Urs), and a moderate expansion effect in
the case of the systems Toc/POPE. Regarding the system Toc/POPE, an
interesting observation was the phase separation at 17–20 mN/m in
the mixed ﬁlms at moderate and high Toc proportions (starting from
X(Toc) = 0.50). Such an effect was not observed in the system Urs/
POPE. It should be underlined here that in normal cellular membranes
Toc comprises only 0.1 to 1 % of all the membrane lipids [21], so
model membranes with Toc comprising 50 or more percent of all the
lipids are far from the real conditions [29]. On the other hand such
models are of help in the investigation of themutual interactions of sep-
arated lipids in the model membrane environments. Our results prove
that only one cis-double bond in the hydrophobic moiety of the phos-
pholipid molecule is not enough for the effective interactions with Toc
and for the formation of a stable surface complex. On the other hand,
one cis-double bond in the oleoyl chain is not a substantial obstacle
for Urs to prevent its condensing abilities. Similarly to cholesterol [45,
50], Urs can force mixed acyl phospholipids to form closely packed
molecular arrays. As it was previously described [45], only a system of
multiple cis-double bonds in a fatty acid chain can prevent cholesterol
from the condensing action. Regarding the ΔGexc- composition plots,the dependences observed for the systems with POPE resemble these
discussed previously for the systemswith Etotal, even the values at par-
ticular ﬁlm compositions are comparable. It means that globally the in-
teractions with POPE have the highest contribution into the discussed
energetic effects, which is in accordance with the proportion of POPE
in Etotal. The most important differences between Toc and Urs can be
observed in the ΔGexc – composition plots for the binary systems with
ECPG. For the systemUrs/ECPG theΔGexc values are close to 0which to-
gether with the CS−1-π curves and the BAM observations prove the ideal
miscibility of the components in this system. On the contrary the ΔGexc
values observed in the system Toc/ECPG are high and have positive sign,
which means that the Toc/ECPG interactions are energetically unfavor-
able. On the other hand, we had no evidence in BAM images indicating
phase separation in these systems. The location of Toc in biological
membranes was a subject of heated debate in scientiﬁc literature. Espe-
cially, it was discussed how deep this molecule is immersed within
the phospholipids layer and with which part of the phospholipids
headgroup the tocopherol polar headgroup is in contact [21]. It was sug-
gested that polyunsaturated fatty acids can form speciﬁc pockets for the
side methyl branches of the Toc phytyl chain [51,52] and that the chain
is not a stiff structure, so the formation of gauche defects is highly prob-
able. By the phytyl chain deformation Toc acquires the optimal confor-
mation to ﬁt to a particular polyunsaturated hydrocarbon chain. This
observation can help in the interpretation of the differences in the inter-
actions in the pairs Toc/ECPG and Toc/POPE. POPE has one cis-double
bond and can form one “pocket” interacting with a side methyl group
of Toc. Effective arrangement of Toc and POPE requires at least
one gauche defect in the Toc phytyl chain. Such an arrangement is ener-
getically beneﬁcial, but the increased probability of gauche defect
formation leads to the lowering of themonolayer condensation as com-
pared with pure POPE monolayer.
The last part of our experiments regarded the antagonistic effects be-
tween Urs and Toc in ternary monolayers with both main E. colimem-
brane phospholipids. Such effects are of utmost importance in the
living systems andwere stimulus of ourmodel studies. Themost impor-
tant effect of our studieswas the corroboration that such an effect is also
visible in themodel systems and that its interpretation can shed light on
themutual action of tocopherols and pentacyclic terpenes in real bacte-
rialmembranes. The ﬁrst important observation for the ternary systems
was the lack of condensation effect, which was exerted by Urs on POPE
and ECPGmonolayers. This observation can be of utmost importance, as
themembrane ﬂuidity is one of its most important properties. Urs anti-
bacterial action can be connected with important changes in the bacte-
rial membrane ﬂuidity connected with the PT molecule incorporation.
Elimination of this effect by Toc can be responsible for the lack of phar-
maceutical activity of pentacyclic triterpenes when applied together
with vitamin E. Very interesting are also the thermodynamic results cal-
culated for the ternary systems. Our idea was as follows: if there are not
antagonistic effects the ΔGexc value at a given phospholipids proportion
in a ternary system should be an average of the values observed in bina-
ry systems with the same phospholipids. The results for the systems
with POPE roughly follow this trend. The negative sign ofΔGexcwas pre-
served and the absolute values of theΔGexc for the ternary systemswere
comparable (with the exception of X(POPE) = 0.50) to the calculated
averages. On the contrary, the trend observed for the systems with
ECPG was completely different. The average ΔGexc values had positive
sign; whereas the real values calculated for the ternary systems were
negative. These results prove that in the ternary systems strong antago-
nistic effects are present. These effects should be connected with the
separation of the molecules within the monolayer. As it was already
mentioned the afﬁnity of Urs towards ECPG is much higher than in
the case of Toc. Thus it is probable that ECPG molecules interact mainly
with Urs and are separated from Toc. In absence of Toc POPE and ECPG
molecules compete in their interactions with Urs; whereas in the pres-
ence of Toc another competition appears. The interactions with POPE
can be energetically beneﬁcial both for Urs and Toc. The ternary Toc/
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most energetically convenient situation is when ECPG interacts mainly
with Urs and Toc mainly with POPE. This can lead to microdomain for-
mation and to a completely different arrangement of the membrane
lipids than in the case when only Urs or Toc, respectively is present.
7. Conclusions
It was indicated in multiple studies that vitamin E and its main com-
ponent α-tocopherol can exert antagonistic effects to antibiotics or
pentacyclic triterpene drugs preventing their antibacterial activity.
Both Toc and Urs are water-insoluble bioactive substances which can
be incorporated into biological membranes. In our studies we modeled
Escherichia colimembranes by the application of Langmuir monolayers
formed by the total extract of E. coli polar lipids aswell as themain com-
ponents of E. coli inner membrane, namely POPE and ECPG. Our results
evidence that Urs and Toc behave differently in binary monolayers with
Etotal. The main differences were reﬂected in the condensation of the
monolayers and in the values of ΔGexc. Namely, the increase in Urs pro-
portion leads to a signiﬁcant rise of the compressionmodulus value and,
on the other hand, mixing of Urs with Etotal is more energetically ben-
eﬁcial than with Toc. Similar trends were repeated for the binary sys-
tems with POPE, which was in accordance with the composition of
Etotal, as POPE is its dominating component. Profound differences
were observed in the interactions of Toc and Urs with ECPG. Mixing of
Urs with ECPG is energetically beneﬁcial; whereas for binary Toc/ECPG
monolayers large positiveΔGexc valueswere observed proving unfavor-
able energetic effects. The antagonistic effects of Toc and Urs observed
in vivo were emulated in the applied model systems; namely, ternary
Langmuir monolayers composed of Toc, Urs and ECPG or POPE. The
presence of both Toc and Urs in a ternary monolayer leads to the elim-
ination of the condensation effects observed in the binary systems com-
posed of Urs and bacterial phospholipids. On the other hand, POPE and
ECPG interact differently with both substances. The afﬁnities of Urs and
Toc towards POPE are similar; thus, the ΔGexc values observed for the
ternary Toc/Urs/POPE system were comparable with the average of
the values observed for the binary systems Toc/POPE and Urs/POPE.
The afﬁnities of Toc and Urs towards ECPG are completely different
and it seems that in ternary systems Urs interacts preferentially with
ECPGwhich can lead to phase separation andmicrodomains formation.
Our model studies support the idea that the antagonistic effects ob-
served in the pharmacological activity of Urs and Toc can be connected
with their membrane action. In the case of E. coli inner membrane the
differences in the interaction of Toc and Urs with the anionic phospho-
lipid ECPG can be the key factor responsible for the extinguishing of Urs
pharmacological activity in presence of Toc.
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